of rHuEPO in CHO cells; and (5) purification of rHuEPO in a stable and biologically active form.
Anemia is a common complication of advanced chronic kidney disease (CKD). Whereas the pathogenesis of anemia of CKD is multifactorial, the decreased production of EPO with declining renal mass is considered the primary etiologic factor [4] . Anemia is associated with fatigue, weakness, and dyspnea, as well as worsening quality of life and performance status. Exogenous replacement of EPO by rHuEPO, along with iron, quickly became a standard of care for the treatment of anemia in patients with CKD after the isolation of introduction of the EPO gene into CHO cells [4] .
The first rHuEPO, epoetin alfa, was manufactured by Amgen and sold as Epogen ® in the United States (US) for dialysis patients (in 1989) . In 1985, Amgen transferred rights for all non-dialysis indications in the US and all indications outside the US (excluding Japan) to Johnson & Johnson, and its affiliate Ortho Biotech, in a long-standing licensing agreement [3] . Since then Ortho Biotech has been marketing the same epoetin alfa manufactured by Amgen in the US under the brand name, Procrit ® . After a technology transfer, Ortho Biotech began to manufacture epoetin alfa in its own facility in Puerto Rico and sells it in most markets outside the US under the brand name, Eprex ® .
Amgen licensed epoetin alfa to Kirin Brewery in Japan, which manufactures epoetin alfa in its own plant after a similar technology transfer. Figure 1 provides a visual interpretation of the technology transfer for epoetin alfa.
The first non-alfa EPO -epoetin beta -was developed by Genetics Institute and manufactured initially by Boehringer Mannheim, and approved in Europe as brand name Recormon ® in 1990, shortly after the introduction of Eprex in 1988. The naming of Recormon followed the World Health Organization (WHO) guidelines; analogues of epoetin are classified by a Greek letter after epoetin to differentiate between products of the same amino acid sequence which vary in the glycosylation pattern [5] . In 1997, NeoRecormon ® (epoetin beta) was reintroduced in Europe by Roche as an optimized formulation of Recormon, with small changes in the content of excipients to accommodate the lyophilized drug presentation and enable a more convenient subcutaneous administration [6] . Key to the development of the first competitive rHuEPO marketplace was the patent debate regarding EPO, one of the largest and lengthiest legal battles known to the pharmaceutical industry. Genetics Institute and Amgen both obtained patents in the US relating to EPO in 1987; Genetics Institute in July with the "composition of matter" patent and a liquid chromatography-based process for producing it, and Amgen in October with a patent for the EPO DNA sequence and a recombinant DNA process for manufacturing it [7] . Genetics Institute's method of EPO production was to isolate it from urine, thus making it unviable to produce mass quantities needed for the market. On the other hand, Amgen's patent for the mode of EPO production made it commercially viable to produce the substance, although the patent from Genetics Institute was a legal barrier for Amgen to use the starting materials to synthesize EPO. Thus, neither Genetics Institute nor Amgen had the ability to commercialize EPO without infringing the other's patents.
The litigation and legal proceedings, which lasted nearly 8 years, concluded with a final ruling in Amgen's favor in 1995 [8] . In short, the Courts found the Genetics Institute patent to provide an inadequate description of a generic method for obtaining human EPO, and thus, there was no evidence that Genetics Institute had isolated the protein with the biological profile described in the patent. Genetics Institute sought a patent on the recombinant production of EPO in Europe and was awarded such in May 1991 with the rights acquired by Boehringer Mannheim (later Roche) [9] . This patent would become the basis for the development of epoetin beta.
As short-acting drugs, first generation EPO required frequent dosing to maintain adequate hemoglobin levels, given a half-life of approximately 8 h. "Next generation EPOs," including darbepoetin alfa and a pegylated version of epoetin beta, were developed with altered structures, extending the elimination half-life of the drug and reducing the dose schedule necessary for hemoglobin maintenance, which ranged from once weekly to once monthly depending on the indication in CKD. [11, 12] .
Amgen was also engaged in litigation with Roche regarding the US marketing of Mircera. Amgen claimed that pegylated epoetin beta was in violation of multiple patents held by Amgen relating to rHuEPO as well as processes to manufacture the drug. Amgen sought an injunction to prevent Mircera from being imported and marketed in the US until the patent expiry of epoetin alfa. The court ruled in Amgen's favor and Roche was barred from selling Mircera in the US until mid-2014 under terms of a limited license agreement [10] . In May 2015, Roche entered into an exclusive license agreement for the commercialization of Mircera in the US with Galenica [13] . Table 1 provides a brief summary of first and next generation erythropoiesis-stimulating agent (ESA) products.
Safety of ESAs
The safety of recombinant human ESAs has been a well-covered topic in the last 10 years. In particular, concerns regarding pure red cell aplasia (PRCA) and increased cardiovascular (CV)-related adverse events have been of great interest to the nephrology community and are relevant to the development of new ESAs. The sudden appearance outside the US of patients presenting with antibody-mediated PRCA in the late 1990s, primarily associated with subcutaneous administration of Eprex, highlighted the potential consequence of manufacturing changes on product safety [14] . Furthermore, several CV outcome-related studies pointed to an increase in CV adverse events associated with higher hemoglobin targets and the increasing doses of ESAs required in achieving those targets [15, 16] . As a consequence, the FDA (as well as other regulatory bodies around the world) stipulated a warning in 2007 for all ESAs prompting clinicians to use the lowest dose of drug in patients to maintain adequate hemoglobin levels [17] .
Pure Red Cell Aplasia
A small number of case reports of an antibodymediated form of PRCA associated with ESA therapy began to appear in the literature around the mid-1990s, but the complication did not receive much attention until an "epidemic" of ESA-associated PRCA occurred between 1998 and 2004 [18] . In 1998, Johnson & Johnson, the manufacturer of Eprex, changed the stabilizing agent of the product from human serum albumin to polysorbate 80 and glycine, prompted by European concern about the potential for transmission of Creutzfeldt-Jakob disease [14] . After much study, it was hypothesized that the polysorbate 80 may have increased the immunogenicity of Eprex by eliciting formation of epoetin-containing micelles or by interacting with leachates released by the uncoated rubber stoppers of prefilled syringes for subcutaneous administration [19] . Compared with the previous formulation, the polysorbate 80 formulation had a lower stability, making it more susceptible to stress conditions (e.g., insufficient attention to the cold chain). This situation may have facilitated protein denaturation or aggregate formation [20] .
From 1999 to 2002, global reports of antibodymediated PRCA increased with more than 60 cases of PRCA reported with Eprex per year [18] . In December 2002, health authorities in Europe formally contraindicated subcutaneous administration of Eprex for patients with CKD [19, 21] . The incidence of PRCA returned to historical low rates by 2003 after Johnson & Johnson replaced the uncoated rubber stoppers with Teflon stoppers in the prefilled syringes, supported intravenous administration of the product, and improved cold chain storage management [14, 20] . The contraindication for subcutaneous administration of Eprex was later removed in 2006 after completion of the PRIMS study, which showed that rates of PRCA had returned to the expected background incidence [19] . As treatment with ESAs were rarely "switched" during this time period, it is likely that identification of the source of immunogenicity in patients receiving Eprex was the result of a common treatment pattern by nephrologists. Although the dramatic spike in PRCA cases has decreased since the early 2000s, a small number of cases have continued to be reported worldwide, almost all of them being associated with subcutaneous administration. Although intravenous administration of a protein is less likely to evoke an immune response than the subcutaneous route, PRCA with intravenous administration of epoetin has been reported in the literature, including a case in Japan where a patient received both epoetin alfa and darbepoetin alfa [22] . Two additional cases of PRCA with intravenous epoetin have been described, but follow-up did not preclude the subcutaneous route of administration [23] . Furthermore, several cases of PRCA have also been reported following the use of epoetin "copy" biologics in regions where there are less rigorous regulations regarding product storage and manufacturing [20] .
Increase in CV Events
The use of blood transfusions and androgenic steroids for the treatment of anemia in patients with CKD was supplanted by ESAs, likely the result of improved quality of life in early studies involving EPO and CKD. As the link between CV disease and CKD became more evident, it became clear that anemia was an independent risk factor for developing left ventricular hypertrophy and heart failure. However, in the absence of well-controlled studies, ESAs became the mainstay to treat anemia while the optimal level of hemoglobin to limit CV events remained unknown. Between 1991 and 2005, the mean ESA dose increased about 4-fold in dialysis patients in the US [24] .
Following reports of increased adverse events from outcomes studies, such as CV events and more frequent hypertensive episodes when using higher doses of ESAs to achieve higher hemoglobin targets, the FDA mandated a black box warning for all ESAs in 2007 [17] . The decision was based on key data obtained from the Normal Hematocrit Cardiac Trial (NHCT) [25] , the Correction of Hemoglobin and Outcomes in Renal Insufficiency (CHOIR) study [15] , and the Cardiovascular Risk Reduction by Early Anemia Treatment with Epoetin Beta (CREATE) study [16] . Briefly, the results of NHCT pointed to an increase in vascular access thrombosis and a trend toward death and heart attacks among dialysis patients in the higher hematocrit arm, while the CHOIR study confirmed an increased risk of a composite end point including death and CV events among predialysis patients targeted to higher hematocrit levels. The CREATE study did not demonstrate differences between patients assigned to either full or partial correction of anemia in terms of CV events, but a prespecified secondary analysis showed a higher risk of end-stage renal disease requiring dialysis among the patients with the higher target for hemoglobin concentration. More recent studies, including the Trial to Reduce Cardiovascular Events with Aranesp Therapy and the subanalysis of the Reduction of Events by Darbepoetin Alfa in Heart Failure study, reinforce the aforementioned data and demonstrate the correction of anemia in CKD patients with ESAs does not confer a beneficial effect on mortality, CV, or renal outcomes [26, 27] .
The Dawn of Biosimilars
As noted, biologics are genetically engineered proteins derived from human, animal, or microorganism sources. They are a major area of growth in the medical community, accounting for one-third of new medicine approvals in the past decade [28] . As of 2013, the Pharmaceutical Research and Manufacturers of America reported more than 900 biologics in development [28] . Biologics play an integral and often transformative role in many therapeutic settings, and guidelines from medical societies and payer groups have incorporated biologics into recommended treatment regimens, either as primary or supportive care [4] .
Despite the immense therapeutic benefit conferred to patients, the growing use of biologics comes at a significant cost, representing one of the fastest growing segments of stretched healthcare budgets around the world [29] . Unlike small molecule drugs, synthesized by chemically reproducible processes, biologics are genetically engineered proteins that are produced by living systems and have inherent variability. Due to the large and structurally complex molecules that comprise biologics, as well as differences in cell lines and processes used during manufacturing, "identical" copies of biologics cannot be developed. Thus, a similar copy of a biologic drug, a "biosimilar," is not to be regarded as a generic version of a currently approved biologic. Rather, a biosimilar is a biologic drug that is highly similar to an approved reference biologic drug. The high level of similarity to the reference product includes the same primary structure, mechanism of action, and drug target, among other physiochemical similarities, based on the results of an extensive comparabil-ity exercise which includes clinical confirmation of pharmacokinetics and pharmacodynamics outlined by regulatory authorities [30, 31] . A product that does not meet these standards cannot be approved as a biosimilar.
For biosimilars to achieve full acceptance in global markets, it is crucial that they be considered analytically, pharmacokinetically, and therapeutically equivalent with their reference product. Thus, biosimilars must go through a rigorous development process and comparability exercise, and demonstrate no clinically significant differences in safety, purity, and potency compared to the reference product. Given the inherent variability of a biologic compared with a small molecules drug and acknowledging a biosimilar cannot be "identical" to a reference biologic product (which itself is structurally variable from batch to batch), regulatory authorities recognized the need for a unique approval pathway for biosimilars distinct from generics.
The European Union (EU) was the first to establish a specific regulatory pathway for biosimilars. In 2001, Directive 2001/83/EC provided the legal basis for approval of biosimilars in the EU. The directive allowed the EMA to draft the first biosimilar guideline and publish in 2005, after resolution of the Eprex PRCA outbreak. The guideline outlined the basic principles of the EU biosimilar regulatory approach by specifically demonstrating similarity of a biosimilar with its reference product in terms of quality, safety, and efficacy through analytical and clinical studies [32] . One year later, the EMA adopted biosimilar guidelines to address issues in analytical studies (e.g., selection of a reference product, methods, and product characterization, and demonstration of biological activity and purity) as well as nonclinical and clinical studies (e.g., pharmacotoxicological assessment, pharmacokinetics, efficacy, and safety) [33] . An additional guideline tackled the need for post-approval safety monitoring and a risk management plan that highlights immunogenicity [34] . The EMA has also developed class-specific guidelines for recombinant EPOs, interferon β, and, more recently, monoclonal antibodies [34] [35] [36] . Of note is the significant role that the outbreak of PRCA, after a manufacturing change with Eprex, played in development of the biosimilar guidelines for EPO.
Interestingly, the definition of a biosimilar is not a consensus by regulatory authorities and each country adopts its own ( Table 2 ). In 2009, the WHO published a guideline that presents globally acceptable principles to license biosimilars that can be adapted to meet the needs of regulatory authorities in countries with no published guidance [37] . The guideline is thought to be an initial step in the harmonization to evaluate and regulate biosimilars, and several countries have adopted its principles to elaborate their own guidelines, including Canada, South Korea, and Brazil to name a few [38] . Despite the existence of slight differences in the scope of available guidelines, the basic principles governing regulatory requirements for biosimilars are of a similar nature across different nations [38, 39] . This generally includes preclinical and clinical comparability studies to demonstrate safety and efficacy as well as post-manufacturing assays to examine immunogenicity.
To date, the experience with biosimilars has been generally limited to the following 4 therapeutic classes: granulocyte colony-stimulating factors, epoetins, monoclonal antibodies, and human growth hormones. The first biosimilar approved in Europe was somatropin (2006), followed by EPO (2007), filgrastim (2008) , infliximab (2013), follitropin alfa (2013), insulin glargine (2014), and most recently, etanercept (2016). To date, 21 biosimilars have market authorization from the EMA; this includes several similar drug substances being co-marketed under different trade names [40] .
The use of biosimilars has slowly, but steadily, increased since reaching the European market 8 years ago. Historical data for biosimilars indicate that market penetration varies by class [41] . Reported differences in the adoption of biosimilars appear to be country-specific, suggesting different regional incentives [42] . For example, 4 years after first launch, the use of biosimilar epoetins has outpaced first and second generation epoetins in Sweden and Germany, but uptake in Italy, France, and the United Kingdom has lagged behind [43] . Amid limited price discounting in some countries, it has also been hypothesized that the slow uptake of biosimilars is due to concerns of efficacy and safety, including immunogenicity, hypersensitivity, and increased risk for other adverse effects, by physicians and patients [44] . Despite these concerns, no unusual or unexpected effects have occurred with use of biosimilars compared to reference biologics in Europe [45] .
Biosimilar ESAs in Europe
The guidelines for quality requirements for a biosimilar product, published by the Committee for Medicinal Products for Human Use (CHMP), state that the active substance in the biosimilar should be similar to the one in the reference product. The general nonclinical and clinical requirements for a biological product claiming to be similar to an approved biopharmaceutical are similar to the requirements for a reference product, and evalua- tion is mainly based upon data obtained by comparative studies, biosimilar vs. reference product. For a CHMP application of a biosimilar EPO, nonclinical studies comprise pharmacodynamic and toxiocologic assessments and the clinical studies include pharmacokinetic, pharmacodynamic, efficacy, and safety assessments ( Table 3 ) .
Currently, there are several biosimilar EPOs marketed in Europe by various license holders; however, these products represent only 2 biosimilar EPOs produced by 2 manufacturers: epoetin alfa (e.g., Binocrit ® , Sandoz) and epoetin zeta (e.g., Retacrit ® , Hospira, a Pfizer company). A summary of molecular differences between the biosimilar EPOs and their reference product can be found in a review by Jelkmann [46] . Details of the development programs for the approved biosimilar EPOs have been reviewed elsewhere [47] . Briefly, the approvals of biosimilar epoetin alfa and zeta in 2007 were based on robust nonclinical and clinical assessments including molecular characterization, preclinical in vivo and in vitro assays in animals, clinical studies in populations of interest, and pharmacovigilance surveillance studies. Overall, the available European data indicate an extensive population of patients with exposure to Retacrit without any unexpected adverse events [48] . And while the majority of exposure data are favorable for Binocrit, one confirmed case and another suspected case of PRCA in patients receiving subcutaneous Binocrit were reported during a clinical trial [49] . The manufacturer determined that tungsten species in the syringes may have caused Binocrit protein to unfold, with subsequent formation of aggregates [50] . The tungsten was thought to originate from tungsten pins used to form the barrels of the glass syringes in which the final product is provided. As a result, Binocrit is now only available for the intravenous indication, while Retacrit is available for both intravenous and subcutaneous indications. To date, there is no evidence for an increase in PRCA or other untoward adverse events among biosimilar ESAs. US FDA Follow-on biologic or biosimilar A biological product that is highly similar to a US-licensed reference biological product notwithstanding minor differences in clinically inactive components, and for which there are no clinically meaningful differences between the biological product and the reference product in terms of the safety, purity, and potency of the product.
Canada Health Canada
Subsequent-entry biologic A biologic product that is similar to and would enter the market subsequent to an approved innovator biologic product.
Korea

MFDS Biosimilar
Biological products which demonstrated its equivalence to an already approved reference product with regard to quality, safety, and efficacy.
Brazil ANVISA Biologic product A biologic medicine with known biologic activity that contains no new molecules, already licensed in Brazil and that has gone through all the production steps (including formulation, vialing, freeze drying, labeling, packaging, storage, quality control and biologic product lot release. 
Emerging Opportunities for Biosimilar ESAs in the US
As the biosimilar approval pathway established in the EU has by and large been considered successful, it has served as a global reference for other regulatory authorities in other parts of the world, including the US. The Patient Protection and Affordable Care (PPAC) Act, signed into law in March 2010, amended the Public Health Service Act to create a separate licensure process for biologic products demonstrated to be biosimilar with an FDA-approved biologic product. As part of the PPAC Act, the Biologics Price Competition and Innovation (BPCI) Act created an abbreviated regulatory pathway for biosimilars via a 351(k) application. The pathway is designed to reduce the amount of testing required in animals and humans compared with reference biologics, which require a 351(a) Biologics License Application ( Fig. 2 ) [51] . The advantage of the "totality of evidence" approach is the ability to leverage existing efficacy and safety data of the reference biologic, creating a more efficient development and approval process for biosimilars.
By definition from the FDA, approval of a biosimilar requires evidence that it is highly similar to its biologic reference product, notwithstanding minor differences in clinically inactive components, an it that produces no clinically meaningful differences from the reference product in terms of safety, purity, and potency based on comparative analytical and clinical studies [51] . In other terms, biosimilars must demonstrate high similarity to their reference product in analytical, nonclinical, and clinical environments. To be approved by the FDA, biosimilars must do the following: (1) exhibit the identical primary amino acid sequence as the reference biologic; (2) provide an extensive comparison of physiochemical and functional characteristics of the biosimilar to reference product; and (3) demonstrate comparable quality, safety, and efficacy in head-to-head preclinical and clinical trials ( Fig. 3 ) . Additionally, rigorous pharmacovigilance and post-marketing safety monitoring should take into consideration any particular safety concerns associated with the reference product and its therapeutic class as well as provide a mechanism to detect possible differences between the biosimilar and reference product, including new adverse effects not previously associated with the reference product.
After the passage of the PPAC Act, 3 draft policy documents were issued by the FDA in 2012 to provide clarity on the provisions of the BPCI Act, including exclusivity, biosimilarity, and interchangeability [52] ; on various quality factors when characterizing a biosimilar [53] ; and on scientific methods and data to demonstrate biosimilarity [54] . The policy documents were finalized by the FDA in March 2015, and 3 new draft documents were developed to discuss the use of clinical pharmacology data to support biosimilarity [55] , reference product exclusivity [56] , and labeling [57] . Unlike initial approval of generic drugs, additional evidence may be required before a biosimilar is approved as "interchangeable" with its reference product ( [53] . An interchangeability designation would allow for automatic substitution at the level of the pharmacy, and, thus, requires additional clinical evidence. Substitution regulations for interchangeable biosimilars will vary according to state pharmacy laws and the prescribing physician must be notified of all substitutions. The interchangeability designation is unique to the US. Similar to other regulatory bodies, the FDA may extrapolate an indication that has not been formally investigated in a clinical trial for a biosimilar but that is approved for its reference product based on scientific justification. Also consistent is that robust safety monitoring of biosimilars will be necessary to track and record adverse effects, especially when considering the structural complexity and manufacturing differences make biosimilars susceptible to changes (like all biologics) that may affect safety (e.g., immunogenicity). The accuracy of postmarketing safety reports will partially depend on good traceability, which has not been an issue in Europe, where biosimilars traditionally have the same international nonproprietary name as the reference biologic, but unique brand names. One notable exception is epoetin zeta, a biosimilar of epoetin alfa. The debate over naming continues and may differ by country. Expert commentary regarding the approval process for biosimilar ESAs has been given by Wish [58] and Fishbane and Shah [59] . Product whose active substance is made by or derived from a living organism.
Biosimilarity
Property of a drug product to show similarity and lack of significant differences in terms of quality, efficacy, and safety to a comparison reference product.
Comparability Scientific evaluation of a comparison of two products to determine equivalence and any detectable differences at the level of quality, efficacy, and safety.
Extrapolation
Extending and applying the safety and efficacy data from clinical studies regarding one indication to another indication or extending data from clinical studies in one population to another.
Generic product A product with the same composition in active substance(s) and the same pharmaceutical form as the reference product, as well as the same dosage form, strength, route of administration, quality and performance characteristics and intended use, and whose bioequivalence with the reference product has been demonstrated by appropriate bioequivalence studies.
Interchangeability
Practice of switching one drug product for another that is equivalent, in a given clinical setting. A product is considered to be interchangeable if it can be administered instead of another clinically equivalent product without significant risk of an adverse outcome. For biosimilar products, interchangeability is a separate and heightened standard than biosimilarity alone.
Pharmacovigilance Activities relating to the detection, assessment, understanding, and prevention of any adverse effects of drug products placed on the market. These are safety control procedures to which products are subject before, during, and after their approval by regulatory authorities.
Physiochemical characterization
Tests to determine the properties of a molecule or active substance (e.g., molecular size/ weight, chemical structure, purity).
Post-marketing safety study Any study with an authorized product conducted with the aim of identifying, characterizing, or quantifying a safety hazard; confirming the safety profile of the product; or of measuring the effectiveness of risk management measures after their approval by regulatory authorities.
Reference product
The original product to which a biosimilar or generic refers in its application for marketing approval.
Substitution
Replacement of a product for a similar or bioequivalent product. In the case of biosimilars, the product may be substituted for the reference product by a pharmacist without the intervention of the health care provider who prescribed the reference product. [61] . The patent expiries for epoetin alfa have opened the door of the US market to biosimilar epoetins. Hospira, a Pfizer company, and Sandoz have completed biosimilar registration programs including phase 3 clinical studies to support market authorization applications to support their biosimilar epoetins. Hospira filed a 351(k) application for Epoetin Hospira in December 2014 and received notification of filing acceptance from the FDA in February 2015. Hospira announced in October 2015 that they had received a response letter from the FDA in regards to Epoetin Hospira and were working closely with regulators to address the comments.
Future of ESAs and Biosimilars
If approved, biosimilar ESAs could reduce a significant component of the nephrology budget (the bundled payment for dialysis), potentially increasing access to innovative new drugs or treatments. More broadly, given the high cost of other biologics reaching patent expiry, biosimilars may be capable of providing direct cost savings of up to $44 billion dollars over the next 10 years [62] . At this juncture, the cost savings are theoretical estimates; any adjustments to the bundled payment schedule by Medicare will change the final savings.
Conclusions
For more than 20 years, exogenous replacement of EPO by rHuEPO has become a standard of care to treat anemia in patients with CKD. Key to the development of the early marketed rHuEPOs was the patent debates regarding EPO. Not surprisingly, the safety of these biologics has been of great interest to the nephrology community, including the incidence of PRCA in the late 1990s and the upsurge in CV events corresponding with changes in rHuEPO treatment patterns.
Despite a benefit to patients, the use of biologics comes at a significant cost. A biosimilar is considered a therapeutic alternative to a reference biologic drug, demonstrating high similarity in terms of physiochemical and functional characteristics and clinical performance. Leveraging global experience and takeaways, biosimilars have the potential to improve access to treatment and help contain healthcare costs in the US. Future studies and observations, especially those from large registration post-marketing studies, will show the implications of ESA biosimilars in the US and emerging opportunities for patient care and research.
